Abstract. Pim-1 is a proto-oncogene that encodes a serine/threonine kinase that is overexpressed in a range of haematopoietic malignancies and solid cancers. Pim-1 expression is tightly regulated by multiple biomolecules at different levels. Several lines of evidence have indicated that dysregulation of Pim-1 can interfere with the cell cycle and apoptosis to promote malignant transformation of a number of types of tumour. Thus, investigation of Pim-1 regulation may provide important theoretical guidance for the development of molecular targeting therapies and drug treatments for Pim-1-associated diseases. Regulators of Pim-1 expression, include microRNAs, oestrogen, inecalcitol, adenosine triphosphate (ATP) mimetic inhibitors and ATP competitive inhibitors of Pim-1. Combinations of inhibitors of Pim-1 expression and Pim-1-specific inhibitors may provide novel therapies for cancer patients and directions for cancer treatment.
Introduction
Pim was initially identified by cloning the retroviral integration sites in murine Moloney leukaemia virus (MMLV)-induced lymphomas (1) . Pim is a member of the family of oncoproteins that exhibit serine/threonine kinase activity (1) . Furthermore, all Pim proteins were confirmed to contain an active site, termed the adenosine triphosphate (ATP) anchor. Pim genes represent a family of proto-oncogenes that encode three different kinases (Pim-1, -2 and -3) belonging to the Ca 2+ /calmodulin-dependent protein kinase group, essential in the regulation of signal transduction cascades (2) . Pim kinases are evolutionarily conserved, exhibiting a high degree of homology in sequence and structure (3) . Pim kinases are normally constitutively active and are broadly expressed in haematopoietic, vascular smooth muscle and epithelial cell lineages, as well as in embryonic stem cells. Thus, they are essential for the normal growth and maturation of these cells.
MMLV proviral insertion in the 3'-untranslated region (UTR) of Pim-1 led to an increase in the stability of Pim-1 mRNA and Pim-1 protein expression, resulting in tumourigenesis of the T-cell lymphoma (4) . Moreover, Pim-1 can prevent apoptosis and promote cell proliferation, effects which are considered important for malignant transformation (5) . Furthermore, elevated Pim-1 expression levels have been observed in human haematopoietic malignancies as well as in solid tumours (6) (7) (8) .
Under physiological circumstances, the body tightly controls the expression of the genes responsible for regulation of cell growth, apoptosis and the cell cycle. However, in a number of pathological conditions, dysregulation of these genes can lead to cellular dysplasia and induce malignant transformation of cells. Pim-1 is an oncogene that is important in the regulation of cell growth. The crystal structure of Pim-1 reveals the absence of an identified regulatory domain, which indicates that it does not depend on post-transcriptional modifications for activation and thus is constitutively active. Therefore, regulation of Pim-1 kinase activity largely depends on its protein expression level rather than its phosphorylation level (9) . Notably, Pim-1 expression is not only transcriptionally mediated by a number of molecules but is also transiently induced by microRNAs and hormones at the post-transcriptional level. The mechanisms of cell gene expression regulation are diverse (10) . In the present review, the regulation of Pim-1 expression and a number of its inhibitors are discussed, providing theoretical guidance for the development of molecular targeting therapies and drug treatments for Pim-1-associated diseases.
Structure and biological functions of Pim-1
In humans, the Pim-1 oncogene, ~5 kb in length, is located on the short arm of chromosome 6p21.1-p21. 31 . The mRNA transcript for Pim-1 is encoded by six exons with large 5'-and 3'UTRs containing a G/C-rich region and five copies of AUUA destabilising motifs (2) . Pim-1 can generate two isoforms (34 and 44 kD) due to alternative translation initiation points at an upstream CUG codon. The shorter form localises to the cytoplasm and the nucleus, whereas the longer form localises to the plasma membrane; however, the two proteins retain their serine/threonine kinase activity. The oncogenic activity of Pim kinases is mediated by multiple cellular substrates (6) . Pim-1 kinase adopts a two-lobed kinase fold structure with a deep cleft between the N-and C-terminal lobes connected via the hinge region (residues 121-126). The N-terminal lobe is composed primarily of β-sheets, whereas the C-terminal lobe is comprised of α-helices. The hinge region has specific residues identified as ATP-binding sites. Moreover, the ATP-binding pocket in Pim-1 is always open, indicating that Pim-1 kinase constitutively resides in an active conformation (9, 11, 12) .
The Pim-1 oncogene is frequently overexpressed in a range of haematological malignancies and several solid tumours. Its activity supports tumour cell growth and survival in vitro and in vivo through phosphorylation of a large number of common substrates, including several cell cycle regulators and apoptosis mediators. Pim-1 kinase can phosphorylate Cdc25A (G1/S), Cdc25C (G2/M), p21 CIP1/WAF1 and p27, all of which are involved in the regulation of the cell cycle (7, (13) (14) (15) (16) . It is also able to inactivate Bad protein by phosphorylating ser 112 , impeding the process of apoptosis and supporting tumour cell growth and survival. Additionally, it interacts with the nuclear mitotic apparatus protein to promote mitosis (2) . Thus, Pim-1 may alter various biological functions to accelerate oncogenesis by inhibiting apoptosis, enhancing cell proliferation and promoting cell differentiation.
Regulators of Pim-1 expression
Regulation at the transcriptional level. Similar to other protein kinases, Pim-1 expression is known to be regulated mainly by the rate of transcription. Binding of a wide range of growth factors, hormones and cytokines, such as interleukins, epidermal growth factor, prolactin, granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating factor, to target surface-specific receptors activates the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signal transduction pathway, which is essential for regulating Pim-1 gene expression. Janus kinases subsequently phosphorylate the cytoplasmic receptor tyrosine kinase domain, thus generating recruitment sites for STATs containing the SH2 domain. The activation of STATs phosphorylated by JAK leads to their dimerisation and nuclear translocation. In the nucleus, STAT3 and STAT5 directly bind to the Pim-1 promoter at the ISFR/GAS sequence, thus upregulating the transcription of Pim-1. In addition, Pim-1 itself is able to negatively regulate the JAK/STAT pathway by binding to a group of negative regulators, termed suppressor of cytokine signalling proteins (2) . In BCR/ABL-expressing oncoprotein cells, Pim-1 is markedly upregulated following activation of BCR-ABL tyrosine kinase by activation of STAT5 (17) . Moreover, nuclear factor-κB can rapidly induce Pim-1 expression following tumour necrosis factor-α stimuli in a STAT5-mediated manner (18) . Thus, multiple signalling pathways have STATs at their core, forming a complex network to co-regulate Pim-1 expression at the transcriptional level (Fig. 1) .
Regulation via knockdown of Pim-1 expression using microRNA. MicroRNAs (miRNAs) are a family of small noncoding RNA molecules, ~22 nucleotides (nt) in length, which post-transcriptionally silence target gene expression to act as either oncogenes or tumour-suppressor genes (19) (20) (21) . Several miRNAs have been identified to be associated with Pim-1-related tumour initiation. Downregulation of Pim-1 by miRNAs, which may contribute to the differential expression of Pim-1 in tumours versus normal cells, regulates the cell cycle and apoptosis. Analysis of the structure of human Pim-1 mRNA indicates that the 3'UTR of Pim-1, which is generally evolutionarily conserved, harbours multiple binding sites for miRNAs (22) . Additionally, the ̔seed region̓ covering nucleotides 2-8 of the mature miRNA strand is essential for interacting with the target miRNA to destabilise it and inhibit its translation (23, 24) (Fig. 1) .
miRNA-16 acts as an important tumour suppressor by regulating pro-oncogene expression (25) . Various types of cancer cells, including chronic lymphocytic leukaemia (CLL) and prostate cancer cells, have been shown to reduce miRNA-16 levels (26, 27) . Fms-like tyrosine kinase 3 (FLT3), is expressed in a large number of acute myeloid leukaemia (AML) cases, and is activated by internal tandem duplication (ITD) mutations, which aberrantly activate its downstream signalling to contribute to cell proliferation and inhibit apoptosis (28) . This may explain why AML patients with the FLT3/ITD mutant phenotype have a poor clinical prognosis (28) (29) (30) (31) . Notably, in FLT3/ITD-expressing cells, Pim-1 is upregulated and is involved in FLT3-mediated cell survival (32, 33) , whereas miRNA-16 is downregulated. Furthermore, based on bioinformatics analysis, miRNA-16 may target the 3'UTR of human Pim-1 (22, 34) . Using quantitative polymerase chain reaction and immunoblotting, Pim-1 mRNA and protein levels were confirmed to be markedly decreased upon miRNA-16 mimic transfection in FLT3/ITD-expressing cells. Therefore, miRNA-16 appears to bind to the 3'UTR putative target site of Pim-1 and directly inhibit its expression at the post-transcriptional level, thus slowing down the growth of FLT3/ITD-expressing cells (34) . However, enforced miRNA-16 expression could not completely deplete Pim-1 expression in FLT3/ITD-expressing cells, suggesting continuous induction of Pim-1 by other FLT3/ITD-mediated signalling molecules (34) . Activation of FLT3 can also activate numerous signal transduction pathways, including STAT5 phosphorylation (35) (36) (37) , for the upregulation of Pim-1 (38) . Thus, Pim-1 may be a predominant downstream target of multiple signalling pathways activated by FLT3. Notably, miRNA-16 expression is comparably high in the K562 myeloid leukaemia cell line and the LS174T colon cancer cell line, but miRNA-16 did not affect Pim-1 expression in either cell line (22) . In conclusion, FLT3/ITD and Pim-1 are important in the transformation of leukaemia cells. This evidence supports the hypothesis that FLT3 should be routinely analysed to guide therapy and estimate prognosis in AML patients, and may be used as a novel target for chemotherapeutics to treat patients with leukaemia. Moreover, miRNA-16 is an important component of the FLT3/ITD signalling pathway, and it may serve as a clinically useful biomarker and permit the development of novel drugs.
miRNA-33 has two isoforms, miRNA-33a and miRNA-33b, involved in the regulation of gene transcription associated with cholesterol biosynthesis and uptake (39) , but their relevance with regard to tumours has rarely been explored. Notably, in a variety of cancer cell lines, miRNA-33a expression has been revealed to be generally low, with Pim-1 expression relatively high. miRNA-33a significantly reduces Pim-1 expression in K562 and LS174T cells via specifically binding to the seed region of Pim-1. The repression effects were essentially abrogated in the presence of a mutated seed region (22) . However, miRNA-33a was not shown to affect Pim-1 expression in FLT3/ITD expressing cells, thus the regulation is cell-specific (34). In MM.1S multiple myeloma cells, Pim-1 is also a direct target of miRNA-33b, participating in the apoptosis induced by miRNA-33b (40) . However, miRNA-33b is not considered to be the primary miRNA to regulate Pim-1 in K562 and LS174T cells, although levels of miR-33b are observed to be low in the two cell lines (22) .
Ibrahim et al (41) preclinically validated a polyethylenimine (PEI)-mediated method of unmodified miRNA-33a delivery in a mouse model of colon carcinoma through in vitro and in vivo experiments. This method can efficiently strengthen the repression of Pim-1 expression in vivo in tumour cells, and its antitumour effect is similar to that of Pim-1 knockdown using small interfering (si)RNA/PEI. Moreover, the inhibition effect of the modified miRNA-33a mimic resembles that of siRNAs fully complementary to the miRNA-33a target site, but is more efficient than the unmodified mimic (22) . Thus, this approach using miRNAs for cancer therapy is expected to become an efficient and biocompatible strategy for targeting Pim-1.
miRNA-1 expression is highest in various types of muscle cell, including spindle-shaped and vascular smooth muscle cells, mediating cell proliferation and differentiation in cardiac and skeletal muscle cells (42, 43) . Notably, Pim-1 is able to promote proliferation of cultured smooth muscle cells (SMCs) and neointimal hyperplasia in vitro (44) . Chen et al (45) demonstrated that miRNA-1 is a downstream effector of myocardin and inhibits the proliferation of SMCs mediated by myocardin. Furthermore, miRNA-1 may mediate the repression of Pim-1 expression at the translational level to inhibit vascular SMC proliferation. In conclusion, miRNA-1 is able to inhibit SMC proliferation and may be a novel target site for vascular smooth muscle proliferative diseases.
Diabetic cardiomyopathy was characterised as having reduced Pim-1 levels in the early stages of the disease, along with reduced upstream activators, p-STAT3 and p-Akt (46) . Notably, in a model of diabetic cardiomyopathy, miRNA-1 was upregulated from an early phase and was positively correlated with the progression of diabetic cardiomyopathy, indicating that miRNA-1 can negatively modulate Pim-1 to mediate the further progression of cardiomyopathy (47). Katare et al (47) performed in vitro cell experiments demonstrating that miRNA-1 not only inhibited Pim-1 directly but also via its upstream modulator, Akt. Moreover, anti-miRNA-1 could restore Pim-1 expression and the proliferative activity of cardiac progenitor cells. Thus, an imbalance between negative and positive regulators leads to the repression of Pim-1 with advancing cardiomyopathy. This provides insight into novel strategies for gene therapy for this disease.
Although miRNA-1 levels in other tissues are lower than in the muscle (48) , comparison of genomic positions of mouse tumour susceptibility loci with those of mouse miRNA genes revealed that the flanking region of miRNA-1 has six substitutions affecting susceptibility to lung cancer (49) . It has previously been reported that in human primary lung cancer tissues and almost all lung cancer cell lines, miRNA-1 expression is comparably low, whereas Pim-1 expression is significantly upregulated (12, 50, 51) . A study has revealed that miRNA-1 binding to the 3'UTR of Pim-1 negatively affects regulation of the antitumour effect of Pim-1 (50) . Thus, the inhibitory mechanism of Pim-1 expression mediated by miRNA-1 exists not only in muscle cells, but also in tumour cells. As miRNA-1 has diverse roles in various diseases, due to the wide distribution in levels of miRNA-1 expression, further studies into its regulation of tumour-associated angiogenesis are warranted.
Several studies have determined that Pim-1 kinase is important in the survival of BCR/ABL + cells (52) . miRNA-328 expression is downregulated, whereas Pim-1 protein is markedly upregulated in BCR/ABL + cells. One study has demonstrated that miRNA-328 interacting with the 3'UTR of Pim-1 could inhibit Pim-1 expression, blocking cell proliferation and growth (53) .
miRNA-210 is inducible by hypoxia and appears to be a hypoxia-inducible factor target gene (54, 55) . Huang et al (56) identified Pim-1 as an miRNA-210 target gene through the miRNP-IP approach followed by cloning the 3'UTR of Pim-1 to perform reporter assays. However, luciferase activity was repressed by 15% in the Pim-1 construct compared with co-transfection with a control plasmid. In addition, the inhibitory effect of miRNA-210 on tumour growth initiation was not rescued by expressing the Pim-1 coding sequence without the 3'UTR. These observations suggest that Pim-1 may be a weak miRNA-210 target gene, although Pim-1 is enriched by microarray analysis.
In conclusion, the expression of various miRNAs depends on the pathological cell type and multiple stimuli. miRNA can simultaneously regulate multiple target genes and Pim-1 is regulated by multiple miRNAs. Notably, different primary miRNAs regulate Pim-1 expression in different tissues and cells. Thus, in tumour cells with Pim-1 overexpression, identifying the miRNAs important in regulating Pim-1 expression requires further research. Moreover, the 3'UTR of Pim-1 harbours numerous other miRNA binding sites, that may be important in the development of various diseases.
Regulation of Pim-1 expression by hormones.
Previous studies have shown that one of the major risk factors of breast cancer is cumulative oestrogen exposure (57) . Oestrogen receptor α (ER-α) inhibits Forkhead box protein M1 expression, which is involved in the occurrence and development of breast cancer induced by oestrogen (58) . It has been recently reported that there are four binding sites for oestradiol (E2)-loaded ER-α far upstream of the Pim-1 promoter, and these ER-α-binding regions (ERBs) may function as oestrogen-regulated enhancers for Pim-1 (59) . Oestradiol rapidly triggers loading of ER-α to the ERBs, then ERBs interact with each other via chromatin loop formation, resulting in Pim-1 expression. Thus, Pim-1 is a direct ER-α target in breast cancer cells and oestradiol positively regulates its expression in an ER-α-mediated manner (Fig. 2) . Furthermore, Pim-1 overexpression induced by oestradiol has been determined to phosphorylate and thereby inhibit the expression of cell cycle inhibitors, hindering apoptosis, promoting cell cycle progression and increasing invasiveness of breast cancer tumours. Collectively, these results add a novel potential mechanism by which oestradiol is able to promote breast cancer cell proliferation (59) .
Dehydroepiandrosterone (DHEA) is an abundantly produced steroid hormone, known to improve pulmonary arterial hypertension (PAH) through its vasodilator properties and reverse vascular remodelling (60). Paulin et al (61) investigated pulmonary artery smooth muscle cells (PASMCs) in PAH, and demonstrated a significant decrease in the p-STAT3/STAT3 ratio and the nuclear translocation of p-STAT3 following treatment of the PAH-PASMCs with DHEA. Similarly, DHEA also decreases Pim-1 mRNA and protein levels in PAH-PASMCs. Since Pim-1 is the STAT3 downstream target implicated in PAH, the results suggest that DHEA can downregulate Pim-1 expression via decreasing the quantity of phosphorylated STAT3 for activation in PAH-PASMCs. Pim-1 overexpression in prostate cancer cells has been associated with tumourigenesis (62) . Preclinical data regarding Vitamin D3 (calcitriol) have revealed antiproliferative and apoptosis-inducing effects resulting in significant antitumour activities in prostate cancer cells (62, 63) . Since calcitriol treatment can result in hypercalcaemia, the dose that can be administered to patients is less than that theoretically required for antitumour activity. Consequently, Okamoto et al (64) synthesised and tested inecalcitol, a novel and unique analogue of vitamin D3 that is potent but less calcaemic. Pim-1 expression was shown to be decreased in a dose-dependent manner following treatment of LNCaP prostate cancer cells and LNCaP xenografts with inecalcitol or calcitriol, respectively. In addition, inecalcitol was more potent than calcitriol in downregulating the levels of Pim-1 mRNA and protein.
It is reported that Pim-1 overexpression can downregulate the androgen receptor (AR)-mediated signalling that inhibits cell proliferation and induces dedifferentiation by AR phosphorylation (65) . Notably, Pim-1 is closely associated with hormone refractory prostate cancers (65) . Therefore, administration of inecalcitol may have a positive impact on the therapy of androgen-dependent prostate cancer.
Conversely, Maier et al (66) identified that Pim-1 kinase may not be a calcitriol target gene in HaCaT keratinocytes. However, Pim-1 can interact with the vitamin D3 receptor (VDR) DNA-binding domain, participating in signal transduction of calcitriol. Further research into the mechanism involved in the interaction of Pim-1 and calcitriol is required.
Androgens are the key male hormones involved in the development of the prostate gland. Androgens can promote the development of androgen-dependent prostate cancer mediated through the androgen receptor, which is a key hormone correlated with prostate cancer, and androgen deprivation therapy is a common treatment for prostate cancer patients (67, 68) . The phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 can induce apoptosis in serum-deprived LNCaP prostate cancer cells. The apoptosis-inducing effect is significantly neutralised by androgen methyltrienolone, R1881, resulting in cell survival and proliferation (69) . Moreover, the prosurvival effects of R1881 are linked to Bcl-xL overexpression (70). Kumar et al (71) demonstrated that activation of AR by R1881 induced an increase in Bcl-xL expression, which contributed to sequestering the pro-apoptotic protein Bak, thereby preventing its activation and the accompanying prosurvival effects. In addition, the authors confirmed that the pro-survival effect of Bcl-xL requires an increase in the stability of protein kinase Pim-1. Furthermore, the results indicated that the increase of Pim-1 kinase activity and stability correlated with an increase in the half-life of Pim-1 by R1881 induction rather than an increase in the transcription rate. Notably, R1881-induction was not caused by an increase in the quantity of Pim-1 protein.
The enhanced activity of Pim-1 kinase prevented full activation of Bad via phosphorylation of Bad at ser 75 and offset dephosphorylation of Bad by LY294002, and enhanced Bcl-xL to exert its anti-apoptotic activity through the sequestration of Bak (Fig. 3) (71) . In conclusion, these results have improved the understanding of the molecular mechanism of tumourigenesis of prostate cancer to provide novel insights for the treatment of androgen-dependent prostate cancer.
The emerging identification of the importance of hormone imbalance in the development of human tumours has increased interest in the development of hormone-associated drugs. As more is revealed concerning the hormone-associated mechanisms of Pim-1 expression, more will be understood about the association between hormones and tumour development. Targeting Pim-1 may offer a strategy for improved treatment of hormone-dependent tumours.
Regulation of Pim-1 expression by PI3K-like kinases.
DNA-dependent protein kinase complex (DNA-PK) and Ataxia-Telangiectasia Mutated (ATM) are members of the PI3K-like kinase family. Akt is a downstream effector of PI3K and LY294002 is an inhibitor of PI3K-like kinases. The expression of Pim-1, Pim-2 and Pim-3 mRNA is rapidly increased following treatment of endothelial cells (ECs) with LY294002, but there is no effect on the stability of the mRNA, indicating that LY294002 can regulate the activity of the promoters of Pim to induce the upregulation of Pim expression (72) . Akt overexpression has been reported to increase Pim-1 expression in neonatal rat cardiomyocytes (73) . Similarly, Pim-1 is a crucial downstream target of Akt in ECs, and Akt can increase Pim-1 expression, but does not affect Pim-2 and Pim-3 expression. In addition, DNA-PK and ATM can decrease Pim-1 expression in physiological conditions (72) . Thus, PI3K-like kinases have dual effects on the regulation of Pim expression (Fig. 4) .
Regulation of Pim-1 expression by cytokines.
The vascular endothelial growth factor (VEGF)-A/Flk-1 signalling pathway also increases the Pim-1 expression level. Zippo et al (74) identified Pim-1 as a target gene of Flk-1, which is induced during the process of angiogenesis. Furthermore, in angiogenesis of human umbilical cord vein endothelial cells, VEGF-A can induce Pim-1 expression mediated by Flk-1, although this induction is poor with Pim-1 expression levels only marginally increased. Consistent with this finding, this mechanism also exists in vivo in ECs during angiogenesis of the ovary (74) . However, platelet-derived growth factor bb (PDGFbb), but not VEGF-A165, can transcriptionally stimulate Pim-1 expression in vascular smooth muscle cells (VSMC), mostly attributable to the activation of JAK/STAT, but also to an additional pathway involving protein kinase C (PKC) and the mitogen-activated protein kinase Mek1/2, leading to the expression of the Pim-1 kinase and proliferation of VSMCs (75, 76) . Moreover, it has been recently reported that interleukin (IL)-6 stimulates STAT3 and Pim-1 kinase in pancreatic cancer cell lines and that the increase in IL-6-stimulated Pim-1 may be partially STAT3-independent (77).
Pim-1 inhibitors
ATP mimetic inhibitors. ATP mimetic inhibitors bound to Pim-1 are sandwiched between hydrophobic residues from the glycine-rich loop, the C-terminal domain of Pim-1 kinase and the hinge region. The presence of proline at position 123 prevents the molecules from forming the second hydrogen bond to the hinge, thereby only one hydrogen bond between the ligand and the hinge is observed (78) . These inhibitors comprise the broad-spectrum kinase inhibitor staurosporine and its analogue K252, bisindoylmaleinimides and the related PKC inhibitor LY333531, as well as a number of extremely potent organometallic inhibitors (18) . Medical research into this class of inhibitors has thus far been limited.
ATP competitive inhibitors. ATP competitive inhibitors do not
interact with the hinge region by forming classical hydrogen bonds so can therefore be considered as ATP competitive inhibitors and not ATP mimetic inhibitors. SGI-1776, SMI-4a, LY294002, quercetagetin, 1,10-dihydropyrrolo [2,3-α] carbazole-3-carbaldehyde (DHPCC-9) and more recently, pyrrolo [2,3-g] indazoles have been idenfied as ATP competitive inhibitors (79) . A number of these compounds are in phase I clinical trials (80, 81) .
SGI-1776 is an imidazo[1,2-β]pyridazine small molecule inhibitor. Certain studies have reported that multiple prostate cancer, leukaemia, lymphoma and multiple myeloma cell lines treated with SGI-1776 exhibited a significant reduction in the phosphorylation levels of traditional Pim-1 substrate proteins, histone H3, c-Myc and Bad, interfering with proliferation and viability (40, (82) (83) (84) . These data suggest that SGI-1776 can induce apoptosis by inhibiting Pim-1 function and producing a cytotoxic effect. SGI-1776 also has a relatively specific effect against certain paediatric cancers in vitro and in vivo with selected activated kinases at SGI-1776 concentrations, but it is more effective against AML (81) . Furthermore, cells exposed to increasing doses of SGI-1776 arrested in a dose-dependent manner in the G1 cell cycle, inhibiting the natural progression to S phase. This was followed by apoptosis, as determined by measuring the caspase-3 activity, correlating with the downregulation of p21 waf1 and Bad phosphorylation (82) . Conversely, unlike in replicating cells, phosphorylation of traditional Pim-1 kinase targets was unaffected by SGI-1776 in CLL, indicating an alternative mechanism to induce apoptosis (85) . In addition, treatment of the DU-145 prostate cancer cell line and the MiaPaCa2 pancreatic cancer cell line with SGI-1776 resulted in a significant reduction in p-STAT3 Tyr705 expression without affecting STAT3 expression and STAT5 phosphorylation, suggesting specificity for p-STAT3
Tyr705
. The inhibitory effect of SGI-1776 on STAT3
Tyr705 phosphorylation is primarily mediated by Pim-3 in DU-145 cells (86) . Siu et al (87) subsequently determined that the upregulation of MIG6 induced by SGI-1776 involved Pim-1 and that MIG6 may be a target gene of Pim-1. Recently, SGI-1776 was revealed to recover the sensitivity to doxorubicin in p-glycoprotein (ABCB1)-overexpressing cells (88) . It was further identified that SGI-1776 could decrease cell surface expression of ABCB1 and the breast cancer resistance protein ABCG2 (which are substrates of Pim-1) and drug transport by Pim-1-dependent and Pim-1-independent mechanisms (89) . Notably, SGI-1776 can resensitise chemoresistant cells to taxane-based therapies by inhibiting multidrug resistance activity and inducing apoptosis (82) . Combination with cytarabine can increase the efficacy of Ara-C, significantly decreasing the viability of AML cell lines (90) . Therefore, SGI-1776 can retard cell growth in several human haematological malignancies and solid tumours in vitro. However, phase Ⅰ clinical trials have not been successful due to the cardiotoxicity of the drug. As a result, this prompted the development of antitumour drugs with more antitumour effects and fewer side effects based on the structure of this compound (91) .
Quercetagetin is a type of flavonol that is also an inhibitor identified to have a moderately potent antitumour activity. Holder et al (92) demonstrated that quercetagetin reduces Pim-1 activity in intact RWPE2 prostate cancer cells in a dose-dependent manner to cause cell growth arrest, but it exhibited no effect on AKT kinase. The reducing effect of quercetagetin was similar to that of knockdown by siRNAs. Furthermore, the inhibitory ability of quercetagetin on cell growth was proportional to the quantity of Pim-1 protein in the target cells, particularly at lower drug concentrations. In addition, vascular SMCs markedly increased Pim-1 expression upon stimulation with PDGFbb. However, quercetagetin was able to effectively block this effect, inhibiting vascular SMC proliferation induced by PDGFbb (76) . Treatment of nasopharyngeal carcinoma cell lines with quercetagetin has been demonstrated to significantly decrease cell viability, colony formation rate and migration ability via inhibition of Pim-1 overexpression (93) .
The pyrrolo [2,3-α] carbazole has been identified as a novel scaffold on which to design potent Pim kinase inhibitors. In addition, several pyrrolo [2,3-α] carbazole derivatives have been identified that target Pim-1 and Pim-3 with greater selectivity than Pim-2 under in vitro conditions. The structure of this inhibitor, which has a non-ATP mimetic binding mode with no hydrogen bonds formed with the kinase hinge region, is the reason for the high selectivity of these derivatives for Pim kinases and its modest but significant selectivity for Pim-3 (94) . DHPCC-9 is a potent cellular inhibitor of these derivatives, which can enter the cells and completely abrogate the anti-apoptotic effects of Pim-1 to reduce the viability of cytokine-deprived myeloid cells, whilst not exhibiting general cytotoxicity at the micromolar concentrations used. DHPCC-9 reduces all family Pim kinase activities via inhibition of the phosphorylation of their downstream substrate, Bad, whilst not reducing their endogenous expression. Moreover, DHPCC-9 removed the promigratory advantage of Pim by decreasing the motility of adherent cancer cells in a dose-dependent manner towards Pim downstream targets, such as nuclear factor of activated T-cells, cytoplasmic 1. The reduction of cell migration in vitro by Pim-specific siRNA interference is lower than that caused by DHPCC-9, which may be due to the longer half-life and superior cell penetrance of DHPCC-9. Thus, DHPCC-9 is not only an efficient tool to research the physiological effects of the Pim family kinases, but also an attractive compound for chemotherapeutic drug development to prevent tumour metastasis or angiogenesis by inhibiting the invasiveness of cells overexpressing Pim (95) .
Recently, researchers performed a virtual screening campaign that led to the identification of a series of 2-aminothiazole derivatives classified as possible allosteric inhibitors of Pim. This is a novel mechanism of inhibition that is noncompetitive with respect to ATP and the peptide substrate. Administering a combination of ATP-competitive and ATP-noncompetitive compounds highlighted a synergistic effect on the inhibition of cell proliferation in more highly metastatic cell lines, where all Pim-1 inhibitors analysed showed synergism with the known anti-cancer agent, paclitaxel. These results further establish these derivatives as promising adjuvant agents for the treatment of cancer in which Pim-1 is associated with chemotherapeutic resistance (96) .
As awareness of the functions of Pim family kinases in tumourigenesis and the identification of an increasing number of novel and selective Pim kinase inhibitors has increased, the investigation and development of small molecule inhibitors targeting Pim kinases has attracted greater attention. Inhibitors of Pim kinases have been developed and synthesised; however, only certain inhibitors have been validated to have antitumour activity through cell-based assays or animal models, and only a small proportion of those can effectively inhibit the three members of the Pim family (82, 85, 92, 94) . Thus, it is important to design and synthesise suitable chemotherapeutic drugs based on the three-dimensional structure of Pim kinase to inhibit its activity. Combinations of Pim inhibitors together with other chemotherapeutics may lead to more efficient therapeutic approaches.
Conclusion
Considering the gradually increasing prevalence of tumours and their high mortality rates, tumour prevention and treatment is a key area of medical research worldwide. Alternative targeting therapies, a novel direction of tumour treatment, are becoming more important as tumour incidence increases anually. The study and development of novel chemotherapeutic drugs is confronted with great opportunities and challenges. With extensive research in the field of gene therapy, the mechanisms by which Pim-1 expression is regulated are being increasingly emphasised. It is known that Pim-1 kinase, identified as an oncogene, is constitutively active and aberrantly expressed in a number of types of tumours. Additionally, Pim kinases are involved in the development of resistance against radiation therapy or chemotherapy. Functional interference with Pim-1 kinase has been recently reported to impair the growth and survival of cancer cells. As the structure and biological functions of Pim-1 are further recognised and regulators of Pim-1 expression identified, it is clear that Pim-1 has an impact on the cell cycle and apoptosis under physiological and pathological conditions. The inhibition of Pim-1 kinase expression and its activity is significant for the design and development of chemotherapeutics to treat cancer. Thus, in this review, novel strategies for tumour therapy from regulators and inhibitors of Pim-1 are discussed. Pim-1 expression is mainly regulated at the transcriptional level. However, a number of biomolecules can also mediate its expression at other levels.
MicroRNAs have emerged as a novel class of noncoding genes involved in regulating cell proliferation, differentiation and viability by knockdown of their target genes. Different cell types have different miRNA expression profiles and different stimuli can also activate the expression of different miRNAs. Identifying these stimuli and the regulatory miRNAs requires further study, which may contribute to the understanding of the complete signal pathways involving Pim-1. Moreover, an miRNA can simultaneously regulate multiple target genes, and Pim-1 is regulated by multiple miRNAs. It was hypothesised that all miRNAs could directly or indirectly regulate Pim-1 expression and subsequently regulate cell viability and survival. In the present study, certain miRNAs, which bind to the seed region of the Pim-1 3'UTR to lead to mRNA destabilisation, have been comprehensively reviewed according to the present literature. These miRNAs do not all exhibit key roles in the same types of cells and tissues. These miRNAs have been identified as tumour suppressor genes, as they can induce tumour cell apoptosis and inhibit tumour cell proliferation by repressing Pim-1 expression. They may be able to act as biomarkers in the research of alternative therapies targeting Pim-1. However, it remains unclear which miRNA are significantly involved in other Pim-1 overexpression tumour cells and whether the expression of miRNAs are tissue-specific. Moreover, the 3'UTR of Pim-1 harbours other miRNA binding sites, as determined by computational predictions (22) . The association of miRNA regulation of Pim-1 expression and the development of relevant diseases remains unexamined.
Hormone imbalance has long been known to be relevant in the development of human tumours. The association between hormones and tumours has been further recognised in recent years, and more hormones have been revealed to be associated with Pim-1 kinase. These hormones can regulate Pim-1 via different pathways to influence tumour progression and certain biological characteristics. For example, oestrogen induces Pim-1 expression via ERBs in the promoter region, whereas DHEA decreases Pim-1 mRNA and protein levels via p-STAT3. With increasing recognition of the functional importance of hormones targeting Pim-1 in tumourigenesis and identification of the relevant molecular mechanisms, improved choices in the treatment of hormone-dependent tumours can be developed. However, the effect of hormones is systemic and diverse, therefore pharmacological and clinical trials are required before a chemotherapeutic that targets hormones could be adopted.
A number of studies have paid increased attention to cytokines that regulate the impact of Pim-1 kinase on the tumour microenvironment (74) (75) (76) (77) 97) . In this review, certain ATP mimetic inhibitors and ATP competitive inhibitors are discussed. Notably, a novel mechanism of inhibition has been recently shown to be noncompetitive with respect to ATP and the peptide substrate. Using the mechanism, inhibitors can effectively repress the activity of Pim kinases, promoting tumour cell apoptosis. Thus it is of importance for the treatment of cancer to design and develop chemotherapeutic drugs targeting Pim-1 using inhibitor scaffolds. Due to functional redundancy, simultaneous targeting of all family of Pim kinases can be advantageous in tumour therapy. However, only a few selective Pim kinase inhibitors, developed through experiments in vivo and in vitro, have exhibited antitumour activity, mainly through targeting Pim-1 and Pim-2. Moreover, certain inhibitors have not passed phase I clinical trials due to cytotoxicity. Thus, continued investigation into the crystal structure of all Pim kinases is required to identify further scaffolds inhibiting kinase activity. These results also suggest the need to consider the structure of the compound to develop antitumour drugs with more potential antitumour effects and fewer side effects. These inhibitors are still in the preliminary stages of development.
Although certain regulatory mechanisms of Pim remain unknown, the development of therapeutic agents targeting therapeutic genes in tumours in which Pim-1 is aberrantly expressed may become a novel research focus. Despite the numerous questions and obstacles that remain, it is hoped that the combined application of inhibitors of Pim-1 expression and Pim-1-specific inhibitors together with other anticancer strategies may provide novel and efficient therapies for cancer patients.
